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Abstract 
Ankylosing Spondylitis (AS), or Bechterew’s disease, is an inflammatory rheumatic 
disease that through the formation of additional bone tissue in the spine eventually 
leads to the complete fusion of the vertebrae, in effect turning the spine into one long 
bone. Due to the reduced flexibility of the spine with the long lever arms, spinal 
fractures in AS-patients are relatively common even after minor trauma. 

The aim of this thesis was to use an existing finite element model of a healthy spine 
and adapt it to the conditions of AS, thus gaining some insight into the effects of 
surgical stabilization of cervical fractures, using posterior screws and rods. Although 
this type of surgery is often performed, it has not been previously investigated in a 
biomechanical model. This thesis should be considered as a starting point for how a 
finite element model of the spine could be used to investigate the effect of spinal 
implants in the case of a fracture in the ankylosed spine. 
An existing FE-model was modified to some of the conditions of AS: The vertebrae 
were fused by adding ossifications at the intervertebral discs (with the Head-C1 and 
C1-C2 joints left mobile). A fracture was simulated at the C6C7 disc level. Four 
different implant configurations were tested: Short instrumentation C6C7, medium 
instrumentation C5toT1, long instrumentation C3toT3, and a long instrumentation 
C3C6C7T3 with skipped intermediate levels. Three loads (1.5g, 3.0g, 4.5g) were 
applied according to a specific load curve. Kinematic data such as the gap distance in 
the fracture site were obtained. Furthermore the stresses in the ossified parts of the 
discs were evaluated. 

It was shown that the chosen methods of adapting the model to the AS conditions, and 
modeling the fracture and implant, changed the kinematics so that less movement 
occurred between the vertebra, which is typical for AS. Measured as fracture gap, all 
tested implant configurations were equally good at stabilizing the fracture, although 
they all allowed more movement than the non-fractured AS-model did. All implant 
configurations were also able to stabilize the fracture in terms of the horizontal 
translation in the fracture. The disc ossifications were somewhat shielded from stress 
for those ossifications that were within the range of the implant. This was so for all 
implant configurations. No increased stress was observed in the ossifications 
immediately outside the range for the implants, relative the non-fractured AS-model. 
For the C6C7 and C5toT1 implant configurations as well as the non-fractured AS-
model, the stresses were highest at the T1T2 level. Stresses in the ossifications in the 
thoracic spine were generally low, apart from the T1T2 level. 
The results show that the chosen AS-adaptations and the modeled implant seem 
reasonable for testing some of the considerations of cervical fractures in the ankylosed 
spine as well as for some implant configurations. The results also make it possible to 
speculate about the optimal type of implant. The effects of screw placement and 
anchoring, osteoporosis, muscle activation and possible spinal deformity on the 
implant stability were not investigated, and should be a matter for further studies. 
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Sammanfattning 
Ankyloserande Spondylit (AS), eller Bechterew’s sjukdom, är en inflammatorisk, 
reumatisk sjukdom som innebär att ny benvävnad formas i ryggraden. Detta leder till 
att kotorna slutligen smälter samma. I praktiken leder detta till att ryggraden fogas 
samman till ett enda långt ben. Vid en reducerad flexibilitet med långa hävstänger är 
frakturer i kotpelaren relativt vanliga för patienter med AS även vid mindre trauma.  

Syftet med denna uppsats var att använda en existerande FE-modell av en frisk rygg 
och nacke, och anpassa den till det tillstånd som är typiskt för AS. Vidare var syftet 
att erhålla insikt om hur kirurgisk stabilisering med skruvar och stänger av en fraktur i 
nacken beter sig. Trots att denna typ av operation utförs förhållandevis ofta, så har 
detta inte tidigare undersökts i någon biomekanisk modell. Denna uppsats kan ses 
som en utgångspunkt för hur en FE-modell av ryggraden kan användas för att 
undersöka effekten av stabiliserande implantat av en fraktur vid AS. 
En existerande FE-modell modifierades för att överensstämma med några av de 
villkor som gäller vid AS: Kotorna fogades samman via förbeningar i diskarna. 
(Huvud-C1 och C1-C2-lederna lämnades rörliga). En fraktur simulerades i C6C7-
nivån. Fyra olika konfigurationer av implantat provades: Kort implantat C6C7, 
mellanlångt implantat: C5tillT1, långt implantat C3tillT3 och ett långt implantat 
C3C6C7T3 där mellanliggande kotor hoppades över. Tre lastfall (1.5g, 3.0g, 4.5g) 
applicerades enligt en specifik lastkurva. Kinematisk data såsom “fracture gap 
distance” i frakturen registrerades. Vidare registrerades också spänningarna i de 
förbenade delarna av diskarna.  

Det var möjligt att, genom att anpassa modellen till AS och modellera fraktur och 
implantat, påverka nackens kinematik så att mindre rörelse skedde mellan kotorna, 
vilket är typiskt för AS. Med utgångspunkt i mätningarna av “fracture gap distance”, 
var det möjligt för alla konfigurationer av implantat att stabilisera frakturen, även om 
implantaten tillät mer rörelse än AS-modellen som saknade fraktur. Detta gällde även 
för horisontell translation i frakturen. Vad gällde spänningarna i förbeningarna så 
avlastades dessa för de förbeningar som var belägna inom implantatets räckvidd. 
Detta gällde för alla implantatkonfigurationer. Inga spänningskoncentrationer 
observerades i förbeningarna precis utanför implantatens räckvidd i förhållande till 
AS-modellen utan fraktur. Vad gällde C6C7 och C5toT1 implantaten, liksom AS-
modellen utan fraktur, så registrerades de högsta spänningarna i T1T2-nivån. 
Spänningarna i förbeningarna i bröstryggen var generellt låga, bortsett från T1T2-
nivån.  
Resultaten visade att de valda anpassningarna till AS och sättet att modellera 
implantaten verkade vettiga för att undersöka några av de överväganden som uppstår 
vid nackfrakturer i en ankyloserad kotpelare, samt ett par implantatvarianter. 
Resultaten möjliggör även spekulationer kring vilken typ av implantat som är optimal. 
Huruvida implantatstabiliteten påverkades av placeringen av skruvar, infästningen i 
benvävnaden, osteoporos, muskelaktivering och möjlig missbildning av ryggen 
undersöktes inte. Detta kan undersökas i framtida studier.  
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List of vocabulary 
Ankylosing   Stiffening and immobility of a joint due to fusion of the bones 

Anterior     Towards the front of the body 

AS    Ankylosing Spondylitis 

BMD    Bone Mineral Density 

Caudally   Towards the pelvis/sacrum 

Cranially   Towards the head 

Frontal plane   Vertical plane dividing the body into front and back 

Inferior    Below/downwards in the body 

Kyphosis   Curvature in the spine, convex when viewed from behind 

Lateral    To one side/view from the side 

Lordosis    Curvature in the spine, concave when viewed from behind 

Ossification   Bone formation 

Posterior   Towards the back of the body 

Sagittal plane   Vertical plane dividing the body into left and right 

Spondylitis   Vertebral inflammation or infection 

Superior    Above/Upwards in the body 

Transverse plane   Horizontal plane dividing the body into above and below 
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Introduction 
Ankylosing Spondylitis (AS), or Bechterew’s disease as it is also known, is a 
rheumatic disease mainly affecting the spine. It affects about 0.1-1.4% of the 
population and its main characteristic is that the vertebrae of the spine eventually 
fuses together (Braun & Sieper 2007). “Ankylosis” refers to stiffening and immobility 
of a joint due to fusion of the bones, whereas “spondylitis” refers to an inflammation 
of the vertebrae. Note that the process of spinal fusion occurs very gradually, and that 
not all patients suffer sever complications. In Sweden, 17,764 patients with AS were 
reported treated between 1987 and 2008 (Robinson et al. 2013), out of which 724 
were treated because of spinal fractures.  

When the disease has progressed far enough, the connective tissue of the spine, 
including the ligaments and intervertebral discs, have fused the vertebrae so that the 
spine practically has turned into a long rigid bone. In this situation, which is typical of 
AS, there is naturally no motion possible between the vertebrae. AS thus causes 
particular trouble to the patient since it is life-long and makes everyday life difficult.  
Vertebral fractures are relatively common among AS patients and have to be treated 
to prevent for example damage to the spinal cord (Westerveld et al. 2009). Surgical 
treatment of spinal fractures related to AS has been associated with improved survival 
(Robinson et al. 2015). The fractures may thus be treated with instrumentation 
consisting of internal vertebral screws and rods to stabilize the fracture (Westerveld et 
al. 2009). The treatment is similar to that which can be used when a healthy spine 
fractures, but the nature of AS must be considered when determining the suitable 
surgical procedure and type of implant. 
Several implant configurations are possible when performing such an operation. One 
important consideration is whether a long or a short implant should be used. That is, 
how many vertebral levels have to be implanted with screws to obtain sufficient 
stability of the fracture. On the one hand, the shorter the construct, the lesser the tissue 
trauma, and the reduction of the number of screws reduces the risk of screw 
malplacement. On the other hand, the longer construct might neutralize the lever 
arms, and multiple fixation points share the load over multiple vertebrae.  

There are several aspects on how AS-patients with vertebral fractures are treated with 
spinal instrumentation, based on the surgeons’ experience (Yukawa et al. 2009; 
Einsiedel et al. 2006; Cornefjord et al. 2005). However, there have been no 
biomechanical evaluations regarding the optimal kind of stabilization method.  

The closest relevant study was published by Scheer et al. (2011), who performed 
operations in order to correct a kyphotic deformity in healthy cadaver spines and fuse 
the vertebrae using anterior metal plates, with the intention of simulating AS. Then 
they tested various materials for vertebral screws for comparison.  

The purpose of this study was to use an existing finite element model of a healthy 
spine and adapt to the conditions of AS. Further, the purpose was to perform 
simulations with this model in order to gain some insight into how a long or a short 
implant could affect the stability of a fracture in the cervical spine.  
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Fulfilling this would give the surgeon additional information when choosing a 
suitable implant configuration. Three factors to consider regarding the implant are:  

1. Stabilizing the fracture, i.e. limiting movement in the fracture to allow healing.  
2. Avoiding stress concentrations and stress shielding of the bone tissue.  
3. Not using more screws that are necessary to stabilize the fracture. 
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Background 
This background section is intended to give a basic understanding of the anatomy of 
the spine and its biomechanics, as well as describing the nature of Ankylosing 
Spondylitis (AS) and how a fracture may be stabilized with internal instrumentation. 

The Spinal column 
According to Hamill & Knutzen (2008) the main roles of the spine, or vertebral 
column, are to provide a stable yet flexible connection between the upper and lower 
parts of the body. Further, the spine serves to protect the spinal cord that runs through 
the vertebral column from the cranium to the lumbar vertebrae. The spine consists of 
33 vertebrae, piled on top of each other with an intervertebral disc in between that 
allows movement. The spine can be divided into a few areas: the cervical spine, 
(seven vertebrae), the thoracic spine, (twelve vertebrae), the lumbar spine, (five 
vertebrae), and the sacrum (five fused vertebrae). At the bottom there is the coccyx, 
the tailbone, with its four or five fused vertebrae. The vertebrae in the different 
regions have similar anatomy but also their own characteristics, and are named the 
cervical, thoracic, lumbar, sacral, and coccygeal vertebra respectively. Figure 1 shows 
the spinal column divided into its respective regions. 

 
Figure 1 Spinal column divided into regions (Gray 1918) 
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The spinal column is stabilized by a large number of ligaments and muscles that run 
between the individual vertebrae (Hamill & Knutzen 2008). There are also a large 
number of muscles running from the vertebrae and the ribcage to the shoulder girdle, 
the pelvis and the arm and legs.  
The spinal column assumes a shape based on certain curvatures in the different parts 
of the spine (Hamill & Knutzen 2008). These curvatures help in giving flexibility and 
stability to the structure. The cervical and lumbar spines are normally in lordosis, 
meaning it is concave when viewed posteriorly and the thoracic spine is in kyphosis, 
meaning convex when viewed posteriorly. Figure 2 shows the curvatures in the 
different parts of the spine.  

 

Figure 2 Spinal column with four distinct curve shown 1 

Intervertebral disc 

The role of the intervertebral disc is to separate and bind together the adjacent two 
vertebrae, distribute load and also enable and limit motion between the vertebrae 
(Hamill & Knutzen 2008). It can handle both compression, bending and torsional 
forces. The intervertebral discs are quite flexible in rotation, compression and tension, 
compared to the stiff vertebrae, allowing movement between two vertebrae. Figure 3 
shows the vertebral joint with the disc in between.  

 
Figure 3 Vertebral joint and the connection between the disc and the vertebrae (Gray 1918) 

                                                
1 Wikimedia Commons, Public Domain, https://commons.wikimedia.org/wiki/File:Illu_vertebral_column.jpg, 2015-09-04 
    Original source: http://training.seer.cancer.gov/module_anatomy/unit3_5_skeleton_divisions.html, 2006-11-23 
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The intervertebral disc consists of the annulus fibrosus, and the nucleus pulposus 
(Hamill & Knutzen 2008). The nucleus pulposus is a gel-like structure in the center of 
the disc. It is contained by the annulus fibrosus and consists of a large amount of 
fluid, giving the disc its ability to withstand compressive forces. Due to the pressure 
of the nucleus pulposus on the surrounding annulus fibrosus, the disc is constantly 
under load. The nucleus pulposus helps in distributing the load that is being applied to 
the disc.  
The annulus fibrosus surrounds the nucleus pulposus and keeps it in place (Hamill & 
Knutzen 2008). It contains collagen that provides tensile strength to the discs. Due to 
the different orientations of the collagen fibers the annulus fibrosus can limit shearing 
and rotation between two vertebrae. The presence of the intervertebral discs is crucial 
to the load bearing and flexibility properties of the spine.  

Functional spinal unit  

The functional spine unit (FSU), or the motion segment of the spine, is the smallest 
unit in the spine where motion is possible. It consists of two vertebrae and the 
intervertebral disc in between. The spine thus consists of a column of motion 
segments where each segment is contributing to the overall flexibility, giving the 
spinal column its total range of motion (Hamill & Knutzen 2008). Figure 4 shows a 
motion segment of the spine with two vertebrae and the intervertebral disc and some 
of its anatomical parts. The apophyseal, or facet, joints in the posterior part of the 
vertebra also limit the movement between the vertebrae. Figure 5 shows a lateral view 
of a vertebra. Here the superior and the inferior articular processes are indicated. 
These processes connect a superior and an inferior vertebra through the facet joint. 

 
Figure 4 Motion segment of spine with the components of the interverebral disc 2 

                                                
2 Wikimedia Commons, Creative Commons, https://commons.wikimedia.org/wiki/File:716_Intervertebral_Disk.jpg, 2015-09-04 
    Original Source: OpenStax College http://cnx.org/content/col11496/1.6/, 2013-06-19 
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Figure 5 Lateral view of vertebra (Gray 1918) 

Movements of the spine 

Due to the combined movement capabilities of all the motion segments, the spine as a 
whole is capable of a wide range of motion in flexion, extension, rotation and lateral 
flexion (side bending). In flexion-extension the range of motion is about 110-140 
degrees, in rotation about 90 degrees and in lateral bending about 75-85 degrees 
(Hamill & Knutzen 2008). 

Anatomy of a vertebra 

A motion segment of the vertebral column can be divided into an anterior and a 
posterior part, where the anterior part consists of the vertebral body and the 
intervertebral disc as well as ligaments. The posterior part consists of the spinous 
processes, the transverse processes, the intervertebral joints, and ligaments. In the 
posterior part of the vertebrae there is room for blood vessels and spinal cord to pass 
down along the spinal column. In the posterior part of the vertebra there is also the 
apophyseal joint, or facet joint, that together with the intervertebral disc transfers load 
between the vertebrae (Hamill & Knutzen 2008). Figure 6 shows a typical thoracic 
vertebra. Note how the so-called pedicle is located in the vertebra; in a sense it is 
connecting the posterior and anterior part of the vertebra. This part of the anatomy is 
relevant regarding spinal implants.  
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Figure 6 Superior view of typical thoracic vertebra (Gray 1918) 

Cervical spine 

The cervical spine (C1-C7) is the most mobile segment of the spine, and gives the 
head a large range of motion (Hamill & Knutzen 2008). The head rests on top of the 
cervical spine and can be viewed as the platform for the sensory apparatus. In order to 
make efficient use of the senses such as seeing and hearing the cervical spine must be 
able to move and align the head properly (Bogduk & Mercer 2000). Figure 7 shows 
the cervical spine from C1 to C7.  

 
Figure 7 Cervical vertrebral column C1 to C7, posterior view (Gray 1918) 

The cervical spine can be said to consist of four basic units: The atlas (C1), the axis 
(C2), the junction between the C2 (axis) and C3, and the lower cervical spine (C4-C7) 
(Bogduk & Mercer 2000). 
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Anatomy of the atlas and axis 

The anatomies of the two most superior vertebrae are somewhat different from the 
other. The most superior vertebra, C1, is called the atlas. The atlanto-occipital joint 
enables a large flexion-extension range of motion between the atlas and the occiput. 
This joint is responsible for a lot of the “nodding” action of the head. The vertebra 
directly inferior to C1 is the axis, C2. The joints between it and the atlas, the atlanto-
axial joint, provide a large portion of the axial rotational range of motion in the 
cervical spine (Bogduk & Mercer 2000). Figure 8 shows the C1 and C2 vertebrae.  

 
Figure 8 C1(left) and C2(right) vertebrae, superior view (Gray 1918) 

Thoracic and lumbar spine, sacrum and coccyx 

The twelve vertebrae of the thoracic spine (T1-T12) are those that are connected to 
the ribcage. Due to this, the thoracic spine is in general the least mobile segment of 
the spine (Hamill & Knutzen 2008). The five vertebrae of the lumbar spine (L1-L5) 
are the largest of the vertebrae and carry a significant part of the bodyweight. Since 
they are not restricted with a ribcage, as the thoracic spine, this segment of the spine is 
fairly mobile (Hamill & Knutzen 2008). The five fused vertebrae that constitute the 
sacrum transfer the load from the spine to the pelvis through the sacroiliac joint. The 
coccyx is the most inferior part of the spinal column and consists of four to five fused 
vertebrae (Hamill & Knutzen 2008). 

Spinal injuries 

The spine has several important roles in the body, such as stabilizing the trunk, 
connecting the upper and lower parts of the body, and protecting the spinal cord 
(Hamill & Knutzen 2008). Therefore any injury, disability or disease that affects the 
spine can have devastating effects to the patient’s ability to move and handle 
everyday life (Cusick & Yoganandan 2002).  
A certain injury that can occur in the spinal column is disc degeneration. 
Degeneration of the intervertebral discs can change the load bearing and load sharing 
in the spine and may also be painful (Polikeit et al. 2004). This might be relevant in 
describing and understanding how the load sharing in the spine changes with 
ankylosis.  

Adams & Dolan (2005) describe how the different parts of the vertebra share the load. 
In a healthy disc the vertical load through the vertebral segment is shared between the 
anterior and the posterior parts, so that the disc carries most of the load and the 
apophyseal (facet) joints only a small portion. In a disc that has started the 
degeneration process, the disc might carry less load than it usually does, shifting load 
to the posterior part of the vertebra and the apophyseal joints (Adams & Dolan 2005). 
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This is a mechanism for stress shielding, in that the degraded tissues carry less load. 
The load then shifts to the surrounding tissue.   

Bone tissue 

Doblaré et al. (2004) describe, in a review article, bone tissue from an engineering 
point of view that is relevant when creating biomechanical models. They describe 
bone as a complex material that unlike common engineering materials is living, self-
healing and adapts it structure and strength to the loads that it is exposed to. It has 
anisotropic properties and consists of both organic and inorganic materials. Further, 
they describe that bone tissue basically consists of two phases: trabecular (or 
cancellous) bone, and cortical (or compact) bone. The trabecular bone tissue is highly 
porous and has a porosity of 50-95%. It is located in the core of a bone. The cortical 
bone is generally stiffer and harder and has a porosity of 5-10%. It acts as a hard shell 
on the outside of a bone, surrounding the trabecular bone in the interior. Together, 
these two phases give bone tissue its mechanical properties. Furthermore, the 
structure and mechanical properties of bone tissue changes and depends on the 
person’s age, sex, and possible diseases such as osteoporosis (Doblaré et al. 2004). 

When a fracture occurs, a biological healing process starts that tries to repair the 
fractured area so that it may carry load again. When the healing process starts, the rate 
of healing depends on the mechanical and biological environment of the fracture 
(Augat et al. 2005). According to Comiskey et al. (2010) there is a quantifiable 
relationship between the mechanical stimulus of the fracture site and the rate of bone 
healing.  

Claes et al. (1998) investigated the healing of fractures in animals depending on the so 
called interfragmentary movement in the fracture. The interfragmentary movement is 
basically a way of describing the motion that occurs at the fracture site. They found 
that some movement (0.2mm) is necessary to stimulate healing. However if the 
fracture gap is larger than 2mm the healing processes seemed to be unable to stabilize 
the fracture sufficiently.  

To get an idea of the ultimate strength of bone tissue, the following two studies can be 
considered. Although they are not performed for vertebral bone they still might give 
an indication of the relevant order of magnitude. Duchemin et al. (2008) tested the 
cortical bone of femur (thigh) bones and found the ultimate strength to be 53.8 ± 
20.3MPa in tension and 106.4 ± 29.4MPa in compression. Bosisio et al. (2007) tested 
the cortical bone of the radius (forearm bone) and found a yield stress of 153 ± 
33MPa. 

Ankylosing spondylitis 
Ankylosing spondylitis (AS), also known as morbus Bechterew or Bechterew’s 
disease, is a systemic, inflammatory, rheumatic disease that primarily affects the 
synovial and fibrous joints in the spinal column (Keat 2010). In other words, it affects 
the facet (apophyseal) joints as well as the intervertebral discs of the spine.  
The main characteristic of AS is the progressive ossification of the spinal ligaments 
and intervertebral discs (Westerveld et al. 2009). This means that the soft tissues that 
surround the vertebrae gradually turn into bone, with the material properties of bone 
tissue. In other words, the mobility of the spine is drastically reduced. In effect, the 
entire spinal column turns into one long rigid bone. This long bone can act as a lever 
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arm, causing bending moments as soon as a load is applied, which makes the AS-
spine more susceptible to fracture even due to minor trauma (Westerveld et al. 2009). 
Figure 9 shows an image of the spine of an AS-patient with fused vertebrae.  
 

 
Figure 9 Image of AS-patient spine with fused vertebrae3  

 

The appearance of AS differs depending on the studied population, with an overall 
prevalence of 0.1-1.4% (Braun & Sieper 2007). In Sweden, 17,764 patients with AS 
were reported between 1987 and 2008 (Robinson et al. 2013).  

Osteoporosis in AS 

Osteoporosis, as well as its milder form osteopenia, is common in AS (Klingberg et 
al. 2012). Osteoporosis can be measured by the so-called BMD (Bone Mineral 
Density), which basically indicates the amount of inorganic material in bone tissue. A 
higher BMD value corresponds to stronger bone. In the case of AS, many patients 
have decreased BMD in the lumbar spine and the femoral neck (Singh et al. 2013).  

As mentioned by Carter & Lories (2011) there is apparent paradox in AS since there 
is both bone growth (stiffening the spinal column) as well as osteoporosis. However 
the bone growth is local growth of cortical bone (e.g. at the intervertebral discs). On 
the other hand the osteoporosis is more general in the trabecular bone structure 
(Klingberg et al. 2013). This poses a challenge when diagnosing AS and the level of 
osteoporosis. The concurrence of bone growth and osteoporosis makes it difficult to 
properly measure BMD (Klingberg et al. 2012). 

                                                

3 Courtesy of Yohan Robinson, Uppsala University Hospital, Department of Surgical Sciences, Uppsala, Sweden 
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Complications in AS 

Apart from pain and general immobility of the spine, AS-patients can suffer 
neurological complications and spinal deformities (Kanter et al. 2008). One such 
deformity is hyperkyphosis, meaning a rounded upper back. Vosse et al. (2006) found 
that hyperkyphosis is related to the progression of the disease and to a wedging of the 
discs in the thoracic spine. There are also reports of breathing problems due to the 
reduced spinal mobility (Cho et al. 2013). 

Vertebral fractures in AS 

Vertebral fractures occur more often in patients with AS than in healthy subjects, 
although for non-vertebral fractures the risk is the same (Vosse et al. 2009). 
Feldtkeller et al. (2006) investigated vertebral fractures in 1071 AS-patients and found 
a prevalence of 5.7%, with fractures being slightly more common for men than for 
women. In Sweden, 17,764 patients with AS were reported treated between 1987 and 
2008, out of which 724 were treated because of spinal fractures (4.1%) (Robinson et 
al. 2013). Out of these 724 patients, 300 were treated due to fractures specifically in 
the cervical spine.  

One critical element of vertebral fractures in AS-patients is that they can occur due to 
only minor trauma and not be directly noticed by the patient (Smith et al. 2007). In 
fact, in some cases the patient has no recollection of an accident that could have 
caused a fracture (Feldtkeller et al. 2006). The fractures are often quite complex and 
they require careful surgical handling to stabilize and prevent secondary problems 
(Kanter et al. 2008). Due to the risk of neurological damage from an untreated 
fracture it is important to identfy possible fractures early (Smith et al. 2007). Figure 
10 shows an AS-patient with a fracture disturbing the spinal cord.  

 
Figure 10 AS-patient with fracture shearing of the spinal cord 4 

                                                
4 Courtesy of Yohan Robinson, Uppsala University Hospital, Department of Surgical Sciences, Uppsala, Sweden 
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Regarding fractures in the cervical spine for AS-patients, the most common level 
seems to be in the lower cervical spine, more specifically the C5-C6 and C6-C7 disc 
levels (Cornefjord et al. 2005). This means that the fracture occurs through the 
ossified disc, acting as a breaking notch, fracturing the bone tissue that was formed 
during the disease progression. Einsiedel et al. (2006) found that a common injury 
mechanism for cervical fractures in AS occur through so-called flexion distraction or 
hyperextension of the cervical spine. The hyperextension refers to the movement that 
happens when the neck and head is tilted backwards. 

Posture and balance in AS  

Patients with AS may develop different posture and gait compared to healthy subjects 
(Aydog et al. 2006; Del Din et al. 2011). One of these changes in posture is the dorsal 
kyphosis in the thoracic spine, where the center of gravity of the trunk displaces 
forward (Aydog et al. 2006). Naturally, AS patients also have reduced range of 
motion in the cervical and lumbar spine (Sawacha et al. 2012). 
The change in posture thus causes a lot of everyday problems for the patient who 
might have trouble raising the head enough to see the horizon. The kyphosis can 
result in some compensations in other joints such as increased hip flexion while 
standing and also increased knee flexion and/or plantar-flexion (Bot & Caspers 1999). 
Several authors have reported regarding posture and sense of balance in AS patients. 
According to Swinkels & Dolan (2004) there is indeed a loss of spinal mobility as the 
disease progresses, but no significant change in spinal posture or spinal position sense 
is observed. According to Aydog et al. (2006) there is little change in the sense of 
balance compared to healthy subjects, whereas Murray et al. (2000) report that there 
is insufficient balance in AS-patients both with open and closed eyes. Alkan et al. 
(2013) show that there is risk of falling in patients with AS compared to healthy 
patients.  
The walking gait can also be affected by the posture. Del Din et al. (2011) has shown 
that AS patients can adopt a gait that is different from healthy subjects, trending 
towards reduced velocity and length of stride. They found reduced extension moments 
in the hip and knee joints and decreased plantar-flexion.  

Spinal instrumentation in AS 

Shen & Samartzis (2006) describes how an unstable cervical fracture in an AS-patient 
can be treated surgically. They describe a technique where the patient is placed in a 
prone position (lying facing down) and opened up along the spine around the 
fractured level. After making sure that the spine is aligned properly, screws are 
inserted in the vertebrae superior and inferior to the fracture. Two screws per vertebra 
are often used. Rods are then cut to appropriate lengths and used to connect the 
screws. Figure 11 shows an example of a rather long screw-rod system, stabilizing a 
cervical fracture in an AS-patient. 
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Figure 11 CT images of a rather long implant stabilizing a fracture5  

Shen & Samartzis (2006) state that the goal of the procedure should be to limit the 
number of implanted vertebrae, while still stabilizing the fracture, and that in an AS-
patient up to three or four segments superior and inferior to the fracture may be 
included in the instrumentation system.  

Modi et al. (2009) describes a case of an unstable thoracolumbar burst fracture in a 
non-AS patient. In this case a screw fixation two levels above and one below the 
fracture was used, and it was considered suitable to prevent kyphosis and preserve 
some movement in the other motion segments. 

If it is possible, the surgeon has the option of inserting either a posterior or an anterior 
instrumentation, or even a combined approach. However this naturally depends on the 
patient-specific conditions (Espinoza-Larios et al. 2007). For example in the case of a 
fracture in the cervico-thoracic junction, the AS-specific kyphosis would make an 
anterior approach complicated.  
So-called adjacent segment motion (ASM) should be considered. This is a term used 
when one functional spinal unit of the spine has been fused or surgically been made 
immobile in some other way. The ASM then denotes the change in range of motion of 
the adjacent motion segments. For example the C5-C6 level has been made immobile. 
The compensation can then occur in the C6-C7 and C4-C5 levels, (or anywhere else 
along the spine). Hwang et al. (2007) states that the amount of ASM can depend on 
the shape of the spine and whether an implant creates a new curvature. 
Eck et al. (2002) tested the ASM using cadaver specimens of C3-T1 with imposed 
different degrees of flexion and extension. They measured intra-disc pressure and 
moment in the segments adjacent to the fusion. The test was performed with and 
without an anterior fixation at the C5-C6 level. The result was indeed increased intra-
disc pressure and segmental motion at levels adjacent to the fused level during normal 
range of motion. There was also increased moment in the adjacent intervertebral 
discs. They further speculate that the increase pressures could lead to degeneration in 
the discs adjacent to the fused levels.  

                                                
5 Courtesy of Yohan Robinson, Uppsala University Hospital, Department of Surgical Sciences, Uppsala, Sweden 
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Based on post-operative results of surgery, Cornefjord et al. (2005) recommends long-
fixation systems with pedicle screws that are connected rigidly to a rod as being 
appropriate to stabilize cervical fractures in AS-patients. In order to prevent kyphosis 
and create more stability, two vertebral levels cranially and one level caudally to the 
fracture can be used for pedicle screws (Modi et al. 2009). Huwart & Amoretti (2013) 
also recommend that long instrumentation should be used, in order to assure sufficient 
load sharing in the osteoporotic AS-bone. The reason is that existing osteoporosis can 
cause problems when anchoring the screws and might cause a higher risk of screw 
loosening and pull out. Note that the microstructural bone quality and the local bone 
density of the trabecular bone determine the quality of the anchoring of screws (Wirth 
et al. 2011) 
Exactly how deep the screws should be placed in a vertebra is a point worth 
considering. If the screw is put all the way though, it creates an anchor point in the far 
side cortical bone (the anterior part of the vertebra if screws are inserted from the 
posterior), thus called bi-cortical screw placement. However, if the screw is put too 
deep it is possible that it might appear on the anterior side of the vertebral body (in the 
case of a posterior fixation) and possibly injure the soft tissue. Figure 12 shows a 
vertebra with posteriorly inserted screws and how the screws reach into the vertebral 
body.  

 
Figure 12 CT imaged of implanted vertebra with posteriorly inserted screws. Superior view. 6 

 

Ruffoni et al. (2012) modeled a vertebra based on a CT scan and digitally inserted a 
screw. Their aim was to investigate the different contributions from the cortical and 
trabecular bone and how this is affected by osteoporosis. They performed pullout test 
with varying cortical bone thicknesses and bone volume fractions, and found that the 
cortical bone is important to the stability of an implant in bone, even though the 
cortical bone is very thin. Since osteoporosis is prevalent in AS-patients this might be 
a relevant consideration for surgical treatment of fractures.  
In the study by Cornefjord et al. (2005) there were five cases where the fracture was 
located only in the C6-C7 disc level. (There were also other cases with multiple 
fractures, not considered here.) The method was pedicle screws, or different kind of 
screws, and rods, inserted posteriorly in all cases. In some of the cases an extra plate 

                                                
6 Courtesy of Yohan Robinson, Uppsala University Hospital, Department of Surgical Sciences, Uppsala, Sweden 
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was used to obtain extra stability at the fracture level; a so-called CLSP (cervical 
locking plate) was used. For the C6-C7 level fractures the following implant 
configurations were used. Note that all intermediate levels were implanted with 
screws. 

• C4 to T3  
• C3 to T2  
• C2 to T5 
• C4 to T2 with CLSP at C6C7 level 
• C3 to T1 with CLSP at C6C7 level 

In a study by Einsiedel et al. (2006) 37 patients with AS and cervical fractures are 
described. As an illustrative example a patients with a C6-C7 level fracture is 
presented. In this case the C6C7 level was fused and an instrumentation ranging from 
C5 to T1 was inserted.  
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Methods 
The following section will describe the original model that was used as a foundation, 
as well as the modifications that were made to adapt the model to the conditions of 
AS. Further, applied load conditions, the modeling of the implants and the chosen 
output variables will be presented.  

Original model 
In this study an existing model based on other connected models was used. The model 
of the head and cervical spine down to C7 was developed and validated by Brolin & 
Halldin (2004). It includes the head, vertebrae, ligaments, muscles and intervertebral 
discs. This model will be referred to as the KTH-model. 
The limbs and the trunk from the first thoracic vertebra and downwards was 
developed by Toyota to be used as a model in crash simulations. (THUMS, Total 
Human Model for Safety. AM50 Pedestrian Model: Version 1.4-060705. 2011. 
©Toyota Motor Corporation, Toyota Central R&D Labs Inc.) This model will be 
referred to as the THUMS-model. Note that the head and neck of the original 
THUMS-model was replaced by the KTH-model. The THUMS-KTH model has been 
used by for example Alvarez et al. (2013) to test muscle activation in a pedestrian 
accident situation.  
Figure 13 shows the full model that was used for the simulations in this study. It is 
shown with and without the parts representing muscles and soft tissue. Figure 14 
shows a vertebra and the immediately superior intervertebral disc in the model. Color-
coding is used simply to distinguish the different parts of the model 

 
Figure 13  Model with and without outer soft tissue parts and muscles. 
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Figure 14 C3 vertebra as it connects to the superior disc 

 

Model modifications 
In order to fulfill the objectives and study the influence of instrumentations on the 
AS-spine, several modifications of the original model had to be made so that it would 
represent an implanted AS-spine. They can be summed up in the following: 

• Modeling the C7-T1 intervertebral disc 
• Adapting the spine to the AS conditions 
• Model the fracture 
• Model the instrumentation 

The adaptations of the model to the conditions of AS was performed on LS-PrePost 
version 3.2 on a Windows 7 system, while the running of the simulations were 
performed on a Linux machine running (CentOS 6.5), using LS-DYNA version 
R5.1.2. 

Modeling the C7-T1 intervertebral disc 

In the original model there was no intervertebral disc in between the cervical and 
thoracic spines (C7T1-level). Instead a spherical type of joint condition was used. In a 
model of the implanted AS-spine, more detail was considered necessary since the 
instrumentation might in some cases reach down into the thoracic spine. The new C7-
T1 intervertebral disc was simply modeled in the same fashion as the other discs of 
the cervical spine in the KTH-model. The new disc was modeled in the same size and 
with the same material properties as the other cervical discs, in order to have similar 
stiffness and cause similar motions.  

Due to inconsistencies in the meshing that originated in the fact that two different 
models have been connected the mesh between the new disc and the inferior vertebra 
(T1) was not continuous. Instead the lower surface of the disk was rigidly constrained 
to the upper surface of the first thoracic vertebra (T1), leaving a small space in-
between, due to the shapes of the two surfaces.  
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AS-spine adaptation 

From a mechanical point of view, the characteristic of the AS-spine is the ossification 
of the soft tissue of the spine that fuses the vertebrae together, making the spine act as 
long bone. In the model that was used as a foundation for this study, the discs were 
originally created with rings of shell elements inside solid elements. The solid 
elements represented the bulk material of the annulus fibrosus and the nucleus 
pulposus. The shell elements represented the fibrous structure of intervertebral discs. 
In this study, AS was modeled by giving the outermost ring of shell elements bone 
tissue properties. In the case of the thoracic and lumbar spines, a new layer of shell 
elements had to be created at the outer edge of the discs.  
These outermost shell elements were assigned a certain thickness and material 
properties to represent the extra bone tissue in the AS-spine, see Table 1. The joints 
between the head and C1 as well as C1 and C2 are not connected with an 
intervertebral disc. These joints (Head-C1, C1-C2) were left untouched and not 
considered ossified.  

In this version of the model the vertebrae are still considered rigid. They have elastic 
properties in order to handle certain contact definitions but will be considered rigid 
when it comes to evaluating stresses and are not deformable. The disc ossifications 
were however given linearly elastic properties. Figure 15 shows the intervertebral disc 
and its different parts: Nucleus pulposus, bulk material of annulus fibrosus, internal 
fibrous rings of annulus fibrosus and the outer ring (dark blue) that was used for the 
ossification in the case of AS. 

 

 
Figure 15 Intervertebral disc of the model. Left: Nucleus pulposus and bulk material for the 

annulus fibrosus. Right: Fibrous rings inside of the annulus fibrosus; blue ring indicates ossified 
part in the case of AS.  

 
Table 1 Disc AS ossification properties 

Young’s modulus 10GPa 

Poisson’s ratio 0.2 

Density 5.0g/cm3 

Ossification thickness 1.0mm 
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Fracture modeling 

Based on the statements by Cornefjord et al. (2005) about one of the most common 
levels for a fracture, the C6C7 disc level was chosen for this study. This means that 
the fracture occurs through the ossified disc. The fracture was modeled by removing 
the shell elements representing the ossification at the chosen disc level. This meant 
that at the C6C7 disc level there were no remaining elements of the ossification and 
the vertebrae (C6 and C7) were simply connected by the remaining intervertebral disc 
parts. 
Since some fractures can be asymptomatic in AS-patients (Feldtkeller et al. 2006; 
Smith et al. 2007) it was assumed that the fracture should be able to carry some load, 
for example in compression. Therefore the original disc was left intact at the fracture 
site, and only the elements representing the ossification were removed.  

Instrumentation modeling 

The type of instrumentation that was chosen for this study was a system of posteriorly 
inserted screws connected with rods. The individual screws and rods were modeled as 
circular cross-section beam elements. Note that by using beam elements any threading 
of the screws, as well as any detailed screw-rod connection was not considered. 
Figure 16 shows the idea of connecting two sample vertebrae with the beam-implant. 
Note the two screws for each vertebra. 

 
Figure 16 Example vertebra with short sample implant, posterior view 

In the model a screw consisted of a beam element that passed through the pedicle and 
the vertebral body. The anterior end of the beam was constrained to a node on the 
anterior surface of the vertebra. The beam was further constrained to a node on the 
posterior surface of the vertebra, at its exit point. Thus, each beam representing a 
screw was constrained to two points in the vertebra. The posterior end of the screw 
was then constrained to the rod. No rotations were allowed at the beams’ ends. Figure 
17 shows the C6 vertebra. The lines indicate the trajectory of the screws from a 
superior view.  
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Figure 17 Left: Superior view of a vertebra, lines indicating screw trajectories. Dots indicating 

screw constrains. Rod is not shown.  

Figure 18 shows another sample implant: The spinal column from the C3 to the T4 
vertebrae with a long implant ranging from C3 to T3. In this example no vertebra are 
skipped, but each one in the range of the implant are screwed.  
 

 
Figure 18 C3 to T4 vertebrae with a long sample implant, posterior view 
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Table 2 shows some properties of the implant, both the screws and rods.  
Table 2 Implant properties 

Young’s modulus 110GPa 

Poisson’s ratio 0.32 

Density  4.4g/cm3 

Screw cross-section diameter 3.5mm 

Rod cross-section diameter 3.5mm 

Total screw length 35mm 

Average distance from screw exit point to rod fixation  7.0mm 

 

Implant variations 

Figure 19 shows a lateral schematic view of the different instrumentation 
configurations that were chosen for investigation. The first variation, Figure 19(a) is 
denoted C6C7. It uses as few vertebral levels as possible, as well as the shortest 
possible rods. The next variation, Figure 19(b), fixates the vertebrae in the range C3 
to T3, which is the longest instrumentation that was investigated. This is denoted 
C3toT3. The variation in Figure 19(c) shows a way of reducing the number of 
screwed vertebrae, while maintaining the same range of the fixation by skipping a few 
intermediate levels. This variation is denoted C3C6C7T3. The last variation, Figure 
19(d), is denoted C5toT1. 

 
Figure 19 Lateral views of the different implant configurations. Dotted line indicates fractured 
disc level 
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Loading case 
The chosen loading case for the model was inspired by a study by Siegmund et al. 
(2007). There, healthy subjects where strapped onto a sled to which an acceleration 
was applied in the sagittal plane. The study aimed at measuring muscle activation. 
The applied acceleration was described as lasting from 0ms to 60ms with a peak of 
1.55g at 16ms. This data was used to create load conditions for the model.  

In the model the acceleration was applied to the outer surface of the torso and arms, in 
the anterior direction. The torso was also constrained to allow movement only in the 
anterior-posterior direction. This was intended to constrain the model as if it was 
indeed strapped onto the sled used in Siegmund et al. (2007). Figure 20 shows the 
application of the acceleration. The intention was to create an extension-like 
movement of the head and cervical spine, since this is considered a common 
mechanism for injury in AS-patients (Einsiedel et al. 2006).  

 
Figure 20 Model with arrow indicating applied acceleration 

The simulations were performed with three different applied accelerations with three 
load factors: 1.5g, 3.0g and 4.5g. The shape of the load curve and time remained the 
same in the two new load cases as in the original. Figure 21 shows the basic shape of 
the load curve with a peak acceleration of 1.0g at 16ms. The end-time for the entire 
simulation was 300ms.  
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Figure 21 Basic acceleration curve to be multiplied with suitable load factor. (Acceleration in 
meters per squared milliseconds) 

Simulations 
Table 3 shows the seven model variations that were used. Each of the seven models 
was ran for the three different loads 1.5g, 3.0g, 4.5g resulting in a total of 21 
simulations.  
Table 3 List of simulations 

Model Figure Comment 

Normal model - The original model, representing a 
healthy patient with no AS.  

AS, no fracture - Model with elements representing the 
ossification of parts of the intervertebral 
discs. This model represents the non-
fractured AS-patient.  

AS, fracture (at C6C7 disc level) - Model with removed elements in the 
disc ossification at the C6C7 disc level, 
representing a fracture. 

AS, fracture, C6C7 implant Figure 19 (a)  

AS, fracture, C3toT3 implant Figure 19 (b)  

AS, fracture, C3C6C7T3 implant Figure 19 (c)  

AS, fracture, C5toT1 implant Figure 19 (d)  
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Output variables 
To be able to study the impact of the different implant configurations, the following 
output variables were chosen.  

Rigid body rotations of the vertebrae 

Since the load is applied in the sagittal plane (anterior-posterior direction,) the 
rotation of the vertebrae in the sagittal plane was chosen to get an overview of the 
movements of each individual vertebra.  

 
Figure 22 Lateral view of C6 and C7 vertebra, with the direction of rotation indicated 

Vertebral gap distance at fracture site 

To get a measure of how well the instrumentation stabilized the fracture, the gap 
between two vertebrae at the fracture site was measured. More accurately, the gap 
distance in the results is defined as the deviation from the original distance between 
the vertebrae. Therefore a vertebral gap distance that equals zero represents the 
original distance. The gap distance was calculated simply by measuring the distance 
between a node on the superior part and a node on the inferior part of the disc, as seen 
in Figure 23.  

 
Figure 23 Anterior view of he C6 and C7 vertebrae with disc and the original gap distance 

marked with thick (red) line. Note that the line represents a gap distance that was set to zero in 
the results. 
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Both the gap distance in the anterior as well as the posterior part of the disc were 
calculated. However, the distance at the anterior part was chosen as the primary 
concern since it is furthest away from the instrumentation. (The original distance was 
measured to 5.63mm in the model.)  

 

Translation in fracture 

Translation in the horizontal plane of a vertebra in relation to a superior or inferior 
vertebra is always a risk factor since excessive translation may cause a vertebra to 
touch the spinal cord and cause neurological problems. Therefore the horizontal 
movement of the vertebrae superior and inferior to the fractured disc was calculated. 
It shows, in effect, the shear distance of the C6 and C7 vertebra relative each other. 
Figure 24 show the C6 and C7 vertebrae.  

 
Figure 24 Lateral view of C6 and C7 vertebra. Arrow (red) indicates measured horizontal 

translation. Dots should be considered to be in the center of the vertebrae respectively.  

Stresses in the discs ossified parts 

To get a measure of how the stresses vary depending on the different instrumentation 
configurations, the maximum principal stress in the ossified part of the discs were 
obtained for each disc ossification respectively. 
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Results 
In the following section the results will be presented. Vertebral kinematics in terms of 
rotations of the vertebrae, fracture gap distance and the stresses in the disc 
ossifications will be described.  

Vertebrae kinematics 
Figure 25 shows the rotations in the sagittal plane of the Head and C1 to C7 vertebrae 
for the load 1.5g relative the T4 vertebra. See previous Figure 22. In the following 
figure, negative value for rotation corresponds to posterior rotation of the vertebra 
around its own center of gravity. In other words, the negative value means that the 
rotation of a given vertebra is causing global extension in the spine. The rotations for 
the other implant configurations than the C6C7 implant were not included since they 
were too similar to the C6C7 implant. All the rotations were calculated in relation to 
the T4 vertebra. Note that the curves representing the non-fracture AS model and the 
C6C7 implanted model are almost completely overlapping. The same characteristics 
that can be seen for the 1.5g load case can also be seen for the 3.0g and 4.5g load 
cases. See Figure A 2 and Figure A 3 in the appendix for 3.0g and 4.5g load cases.  
Figure A 1 in the Appendix shows the rotations in the same ways as the previous 
figure, but now in relation to the vertebra that is located immediately inferiorly; for 
example C6 relative C7. This figure shows what happens with the movement in the 
case of the fractured AS model: Movement occurs in the Head-C1 joint, the C1-C2 
joint (that are left mobile) and at the C6C7 level (where the fracture is located). 
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Figure 25 Sagittal plane rotations of head and C1 to C7 vertebrae around their respective centers 
of gravity for load 1.5g relative T4. Note that the curve for the implanted model (green) overlaps 
the “AS no fracture” curve. 
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Vertebral gap at fracture site 
Figure 26 shows the vertebral gap in the anterior part of the disc for different model 
versions. See Figure 23 for the specific location of the measured gap. Note that the 
fracture gap distance is shown even for the Normal model and the non-fractured AS-
model. In this case it still represents the deviation for the original distance as shown in 
Figure 23, even though the ossification elements remain in place.  

The same pattern that can be seen for the loading conditions of 1.5g (Figure 26) can 
be seen for the higher loads 3.0g and 4.5g as well. See Figure A 4 and Figure A 5 in 
the Appendix. 
 

 
Figure 26 Vertebral gap distance for load 1.5g 

Figure 27 shows the maximum vertebral gap at the fracture site that occurs during the 
simulation time. It is shown for all three loads and selected model variations. 
Increasing load clearly increases the gap regardless of model variation. Note that there 
is relatively little difference between the different instrumentations. Also note that the 
implants allow some movement, compared to the non-fractured AS-model.  
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Figure 27 Maximum fracture site vertebral gap for the different loads and implant variations 

 

Translation in fracture 
Figure 28 shows the peak value for the horizontal translation at the fracture site, in the 
transverse plane, for the superior vertebra in relation to the inferior. The translation is 
shown for all three loads and selected model variations. Increasing load increases the 
translation. The implant that restricts the movement the most is the C3toT3 
configuration for all loads, but the difference is minor. Note that for the load 1.5g, the 
C6C7 implant allows markedly more movement than the other configurations. 

 
Figure 28 Maximum horizontal translation in fracture. AS conditions in all cases. 
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Maximum stresses in the disc ossifications 
In order to get an overview of the stresses over time, Figure 29 shows the peak value 
that occurs in the ossified part of the discs during the simulation, for the three load 
cases. The C6C7 disc level is not included since the ossified part was removed to 
simulate the fracture at that level. 
Consider first the pillar representing the C5toT1 implant: Note that for the C5C6 and 
C7T1 disc levels, the stresses are reduced compared to the adjacent C4C5 and T1T2 
disc levels. The C5C6 and C7T1 levels are also those that are inside the range of that 
specific implant.  
A similar deload also occurs for the two longer implants (C3toT3 and C3C6C7T3), 
that both end at the C3 vertebra, which is: The implant deloads the disc ossifications 
that are inside the range of the implant. Note also that the stresses for the C2C3 disc 
levels for these implants are at the same level as the non-fractured AS-model. 
Furthermore, when studying the stresses in the ossifications in the discs in the thoracic 
spine (T2T3, T3T4, T4T5), the stresses are notably lower in general than they are in 
the cervical spine. However, the largest stress overall appears in the T1T2 level which 
is the first disc in the thoracic spine. 
Figure A 6 and Figure A 7 in the Appendix show the corresponding results for the 
3.0g and 4.5g load cases. These load cases show similar patterns as for the 1.5g load 
presented here. 

 

 
Figure 29 Peak value of first principal stress in the ossification at different disc levels for load 
1.5g 
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Stresses overview 

Figure 30 shows whether the maximum stresses that occur in the disc ossifications 
due to different implant configurations are markedly lower or the same than the non-
fractured version. Green (dark) indicates that the stresses are lower whereas yellow 
indicates that they are roughly the same as the non-fractured version. This basically 
shows a deload pattern, where the disc ossifications within the range of the implant 
carry less load.  

 

 
Figure 30 Schematic views of the resulting stress levels in the disc ossifications. Green (dark) 
indicates that the stresses are lower whereas yellow (bright) indicates that they are roughly 
unchanged. Point of reference is the non-fractured AS model without implant. 
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Discussion 
The following section will discuss some aspects of the results and the modifications 
of the model to suit the AS conditions.  

Vertebral rotations 

Note in Figure 25, that for any of the AS-models most movement occurs in the head 
and C1, which are not connected with an ossification to the immediately inferior 
vertebra. Note also that for the fractured AS-model, C6 moves markedly more than 
C7, with the fracture located at the C6C7-level. It is clear that introducing the AS-
conditions reduces the movements of the vertebrae when compared to the Normal 
model. This can also be seen in Figure A 1 that shows the rotation in relation to the 
immediately inferior vertebra. Here the AS-fracture model clearly shows movement 
in the Head-C1, C1-C2 and C6-C7 joints. 

Vertebral gap at fracture site 

Considering the different curves in Figure 26: starting with the Normal (original) 
model and introducing AS conditions clearly reduces the movement drastically. The 
curve is flattened. Then, as the fracture conditions are introduced, the gap is again 
increased. When different kinds of instrumentations are introduced, (the AS C6C7 
model, the AS C3C6C7T3 model, the AS C3toT3 model and the AS C5toT1 model), 
the vertebral gap is reduced again compared to the fractured model. However there is 
more movement than in the non-fractured AS-model. Note the similarity between the 
different implant configurations in terms of gap distance. 

Consider Figure 27, representing the maximum fracture gap distance for the three 
loads. All the plots for the gap distance show very similar results regardless of load. 
Note that increasing the load increases the gap distance in a linear fashion. This 
makes sense since the implant and the ossification all are linearly elastic. 

According to some guideline values for interfragmentary movement in general 
fracture healing in animals by Claes et al. (1998) (see section on Bone tissue), values 
of less than 2mm indicate that the fracture can heal. They also stated that 0.2mm 
interfragmentary movement is necessary to stimulate healing. Figure 27 shows that all 
implant variations result in a fracture gap distance that is less than 2mm for all tested 
loads. Interestingly, the maximum gap distances for the 3.0g and 4.5g loads fall 
between 0.2mm and 2mm. For the 1.5g load the gap distance is somewhat lower than 
0.2mm: (approx. 0.15mm). Based on these values, the implants all seem to be able to 
stabilize the fracture sufficiently to allow healing. If the vertebral gap distance can be 
considered a measure of how well a certain instrumentation stabilizes the fracture, 
then there is comparatively little difference between the different instrumentation 
configurations. Simply put, introducing any kind of instrumentation stabilizes the 
fracture. Note however, that is it not clear that this comparison of interfragmentary 
movements is reliable, for example for the specific load scenario that was used in this 
study about AS. 

Fracture translation 

The horizontal translation (Figure 28) of the fracture was calculated because it might 
be used to determine if the spinal cord is in any danger of being damaged. An 
excessive translation, or shear, of the vertebra in the fracture location might impose 
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shear on the spinal cord and might injure it. The results show that the largest 
translation when stabilized is 30.9µm (for the C3C6C7T3 implant model at 4.5g). 
With a width of the C7 vertebra being approx. 18.5mm this must be considered small. 
Note that none of the implants were able to return the fracture site to the same level of 
stability as in the non-fractured AS-model.  

Stresses 

The clearest observation that can be seen is that an implant deloads, or stress-shields, 
the discs that are within its range. For example for the C5toT1 implant, the stresses 
for the C5C6 and C7T1 disc ossifications are lower than for the non-fractured AS-
model. However outside that range of the implant, the stresses are at the same levels 
as for the non-fractured AS-model.  
None of the implants seem to result in increased stresses in the disc ossifications that 
are adjacent to the last implanted vertebra, when compared to the stress levels of the 
non-fractured AS-model. This is important, since Eck et al. (2002) described 
increased intra-disc pressure and increased adjacent segment motion (See previous 
section on Spinal instrumentation in AS). It can be speculated that this increased 
motion might also lead to increased adjacent stresses. However, with the model used 
in this study, no stress-concentrations were seen right outside the range of the 
implants. A possible reason for this is that the disc ossifications were sufficiently stiff 
in the model to prevent this extra motion in adjacent segments.  

Only the stresses in the disc ossifications have been measured. A next step in the 
investigation might be to evaluate the stresses in the implant as well, so as to obtain 
more detailed information about how the load is shared by the different structures. 
However, if implant failure is not considered, implant stresses might be initially 
disregarded. To get more information about what load the soft tissues of the discs 
carry, those stresses would have to be evaluated as well. However, the ossifications 
are more than 100 times stiffer than the stiffest part of a “healthy” unaffected disc in 
the model.  

The maximum stress in the ossifications was in the T1T2 level for all loads. For the 
1.5g load case, it was approx. 20MPa, for the 3.0g load case approx. 60MPa and for 
the 4.5g load case approx. 120MPa. Although the numbers from Duchemin et al. 
(2008) and Bosisio et al. (2007) concerned the ultimate strength of the femur and the 
yield stress of the radius respectively (and not vertebrae) they could perhaps be used 
as guideline values. Bosisio et al. (2007) found a yield stress of 153 (± 33) MPa which 
is larger than the 120 MPa reported in this study.  

Model considerations 
AS adaptations 

The focus when adapting the original model to the conditions of AS was on creating a 
model with which it would be possible to study for example the global kinematics of 
the spine, movement between vertebrae (and in the fracture) and the stresses in some 
parts of the spine, rather than for example the details of the implant-bone interface.  
In order to simulate the AS spine with its fused vertebrae, the outer part of the 
intervertebral discs (shell elements) was given the elastic properties of cortical bone 
materials. Any possible ossification of the ligaments and small muscles along the 
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vertebral column was not considered, even though this soft tissue might in fact also 
ossify in AS. Accounting for these ossifications would mean more bone-line tissue 
connecting the vertebrae, likely leading to a stiffer response regarding the global 
kinematics of the spine.  

Complete modeling the ossification of the soft tissue would require a very careful 
investigation of a number of patients. This would include accurate thin-sliced CT-
scans of the spine; in order to determine the amount of ossified soft tissue, its 
thickness and its material properties, as well as its exact locations along the spine. 
This was beyond the scope of this study. Furthermore, the excessive cervical or 
thoracic kyphosis that can occur in AS patients was not considered.  

Implant modeling 

The implant was modeled as circular cross-section beam elements and simply rigidly 
constrained to the vertebrae in two points. The screw-bone interface and aspects such 
as the pullout-strength was thus not considered.  

In the model of the implant that was used in this investigation, the left and right parts 
were not connected. In other words, there was no cross-linking of the left and right 
rods. To test how this affects the stability of the system, for example load in torsion or 
lateral flexion could be performed.  

The choice of the particular implant configurations was partly inspired by Cornefjord 
et al (2005). For a fracture in the C6C7 level they used long instrumentation that 
reached into the thoracic spine. Therefore using the C3toT3 implant seemed 
reasonable. The C3C6C7T3 implant was simply a way to see the impact of skipping a 
few levels. The C6C7 implant was simply the shortest possible implant with which 
the fracture could be stabilized. The C5toT1 implant was chosen to see the effects of 
an implant that had one end in the middle of the cervical spine. An example of this 
configuration can be found in the study by Einsiedel et al. (2006). 

Rigid vertebra  

The vertebra in this model was considered rigid, and indeed assigned a rigid body 
material model, with no deformation possible. This simplification made the 
computational time reasonable and also meant that inserting the implant 
uncomplicated.  

Consider a spinal segment with a few vertebrae, the ossified discs and the 
instrumentation. The only elastic parts of that segment will be the instrumentation and 
the discs, as well as some ligaments. The vertebrae will be rigid bodies connected to 
the elastic parts of the segment. This might be the structurally most important source 
of error of the model, since it might be qualitatively different if the entire segments 
consist of elastic parts. If the vertebrae would have had for example elastic properties, 
then more movement might have occurred (e.g. in the fracture) since the vertebrae 
would have been able to deform as well as the discs.  

Elastic ossification 

The material properties of the elements representing the ossified parts of the discs 
were given linearly elastic and isotropic properties. In reality, bone is more complex 
and has anisotropic and time-dependent properties. However, this was not considered 
in this study. If the time dependent properties were to be introduced, then the results 
would depend more on the chosen load scenario. Also, there would probably not be 
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the linear increase in for example fracture gap at increased load that can be seen in 
this study. 

Fracture modeling 

The modeling of the fracture was also performed by simply removing some of the 
elements representing the ossification of the disc, at the location of the fracture. Note 
that the superior and the inferior parts of the fractured disc are still connected by the 
remaining disc tissue, as it is in a “healthy” disc. The tissue consists of the annulus 
fibrosus and the nucleus pulposus. This is reasonable since the disc may still be able 
to carry some load, both in compression and distraction, as can be the case with AS-
patients. As described, AS-patients with a fracture through an intervertebral disc 
might even be initially asymptomatic (Smith et al. 2007). 

Load considerations 

In this investigation a load case consisting of an acceleration applied to the torso of 
the model was applied. Other possible load cases to try out could be those causing 
flexion, rotation, compression or even distraction of the spinal column. The original 
load case that was applied in this study was inspired by Siegmund et al. (2007) and 
was used since that load was considered non-injurious to healthy patients that had no 
history of cervical injuries. Therefore it seemed reasonable to see how a model 
representing AS-patients would handle this situation. 

Other model simplifications 

There was no muscle activation included in the model. Rather, the muscles acted with 
a passive elastic resistance. In a patient the muscles would activate as a reflex and 
control the movements. In other words, the results from the simulations in this study 
could perhaps be interpreted as if a dead or unconscious body was subjected to the 
load. If muscle activation were accounted for in the model, then it would be possible 
that the muscles act in a stabilizing manner, and cause less movement of the 
vertebrae. Therefore, active muscles might also cause less movement in the fracture as 
well as lower stresses in the ossifications. This is however speculation, and should be 
tested for different load scenarios, with muscle activation. 

Further discussion 
A few more points and speculations can be made about the possible changes in the 
mechanical behavior of the spinal column that are caused by AS. The mechanical 
behavior of the discs themselves likely changes due to the ossification of parts of the 
discs. The fluid pressure exerted from the nucleus pulposus on the annulus fibrosus 
now acts on a disc that consists partly of bone tissue; meaning that the discs do not 
function as they “should”. This might make the disc less stable and less able to 
transfer the load between the vertebrae.  
In order to illustrate how mechanics of a motion segment of the spine changes due to 
AS or an implant, the concept of instantaneous rotation can be considered. In a 
healthy motion segment of the vertebral column the instantaneous rotation describes 
how the vertebra can move in relation to each other, and how the load is transferred. 
For example, the center of rotation might be in the middle of the disc. In the case of a 
motion segment with an ossified disc, naturally, the vertebra may not move in relation 
to each other. However, a bending moment applied to the motion segment still implies 
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a center of rotation, directing how the disc, including its ossification, carries the load. 
Furthermore, the center of rotation might also be affected by an implant connecting 
the vertebrae.  
Due to the simplifications in the model that were discussed above, this study is not 
sufficient to result in any specific clinical recommendation to a surgeon. However, the 
results still yield some interesting insights. Any of the implants seem to stabilize the 
fracture sufficiently, and no stress concentrations are observed. The phenomena of 
stress shielding might be unavoidable since the implant will always carry some of the 
load that would otherwise be carried by the discs and vertebrae. Therefore other 
considerations come into play when the proper implant for a certain surgery should be 
chosen. The answer might lie in a few of the aspects that were not considered in this 
study: The anchoring of the screws in the bone tissue, and a more detailed 
investigation of how for example the vertebra and soft tissues of the discs carry the 
load, as well as the stresses in the implants. If the considerations of having enough 
screws to ensure sufficient anchoring of the implant as a whole, and that of 
minimizing the number of screws to lower the risk during surgery are included, then 
the C3C6C7T3 might provide a compromise. This implant configuration stabilizes the 
fracture as good as any other of the tested implants, and it also reaches into the 
thoracic spine, which might provide additional stability.  

Future work 
This section provides some suggestions for how the model in this study might be used 
further, as well as some improvements based on the discussion regarding the 
limitations of the model. The existing model can be used without modifications to 
study other implant configurations, a different fracture site in the cervical spine and 
different load scenarios. For example the load could be applied to cause flexion, 
lateral flexion or rotation of the spine. A completely different load case could also be 
applied, such as the impact of the head to some surface. Further, stresses from more 
relevant parts of the discs could also be analyzed.  
The model may also be improved, for example by making the vertebrae elastic instead 
of rigid, and by studying the mesh of the ossification, or, for that matter the entire 
spinal column, in order to obtain the stresses. The model may also be improved by 
using data from for example Computer Tomography of AS-patients to more 
accurately adjust the material properties of the bone tissue.  
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Conclusions 
Based on observing the rotations of the vertebrae in the sagittal plane and the 
movements at the fracture site, it is clear that the chosen methods of adapting the 
model to the AS conditions, and modeling the fracture and implant, changed the 
kinematics of the cervical spine. I.e. the non-fractured AS-model moved less, when 
the fracture was introduced there was more movement, and when the implant was 
inserted the movement was again limited.   
Measured as fracture gap, all tested implant configurations were equally good at 
stabilizing the fracture, but allowed more movement than the non-fractured AS-model 
did at the fracture site (C6C7 disc level). All implant configurations were also able to 
stabilize the fracture in terms of the horizontal translation in the fracture. The disc 
ossifications were basically somewhat shielded from stress for those ossifications that 
were within the range of the implant. This was so for all configurations. No stress-
concentrations were observed in the ossifications immediately outside the range for 
the implants when looking at the maximum stresses.  
The results show that the chosen AS-adaptations and the modeled implant indeed 
seem reasonable for testing some of the considerations of cervical fractures in the case 
of AS as-well as some methods of stabilizations. The results also make it possible to 
speculate about the optimal type of implant, and some improvements of the model 
might give more insight into this. This thesis could be considered a starting point for 
how a finite element model of the spine can be used to investigate the effect of spinal 
implants in the case of a fracture in an AS-spine.  
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Appendix 

 
Figure A 1 Sagittal plane rotations of head and C1 to C7 vertebrae for load 1.5g relative the 
immediately inferior vertebra 
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Figure A 2 Sagittal plane rotations of head and C1 to C7 vertebrae for load 3.0g 
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Figure A 3 Sagittal plane rotations of head and C1 to C7 vertebrae for load 4.5g 
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Figure A 4 Vertebral gap distance for load 3.0g 

 

 
Figure A 5 Vertebral gap distance for load 4.5g 
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Figure A 6 Peak value of first principal stress in the ossification at different disc levels for load 
3.0g 

 

 

 
Figure A 7 Peak value of first principal stress in the ossification at different disc levels for load 
4.5g 
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